Abstract-A chip scale optofluidic tunable laser is realized by generating a periodic bubble array within a microfluidic channel. By controlling the periodicity via external pressure the lasing frequency is tuned over a broad range.
I. INTRODUCTION
Optofluidic dye laser hold a great promise as a critical component for implementing integrated photonic systems primarily towards lab on chip applications. Over the last 15 years we are witnessing a tremendous development in the field of optofluidic lasers, driven by the rapid progress in microfabrication and microfluidic technologies, side by side with the growing need for lab on chip applications. One of the important advantages of the optofluidic laser resides in its flexibility, e.g. by replacing the dye or the solvent which make a whole new characteristics of the laser cavity [1] and achieve the needed property of wavelength tunability. Over the last years several groups presented different types of tunable lasers on a chip [2] e.g. by combining two different dye molecules in a solvent or by constructing a grating inside a microfluidic channel providing the Distributed Feedback (DFB) mechanism, which can be tuned taking advantage of the high elasticity of PDMS [3] .
II. DEVICE FABRICATION AND OPERATION
Our goal is to construct a tunable DFB structure, supporting lasing at different wavelengths at will. For this purpose, a micro-fluidic channel is constructed with a flow of periodically arranged bubbles (Benzyl alcohol + R6G) immersed in Mineral oil. The periodic structure is acting as an optical feedback.
A micrograph of our constructed microfluidic device that enables the generation of bubbles within a microfluidic channel is presented in Fig. 2 . The device is based on the concept described in ref. [4] , where the dimensions and the operation parameters have been optimized for our application. The device was fabricated using standard soft-lithography and is made of poly-dimethyl-siloxane (PDMS). The fabricated device consists of two inlets and one outlet. One of the inlets is designed for delivering the Gain medium, namely R6G dissolved in Benzyl alcohol (refractive index of n~1.56) while the other delivers the oil which has a different refractive index (n~1.46). The two channels operate under conditions of continuous flow and are connected via a T junction, where Benzyl alcohol droplets are generated due to the immiscibility of the oil in the Benzyl alcohol. The width of the Benzyl and oil channels are approximately 3 and 1.5 microns respectively, whilst their height is ~5 microns. Each of the two inlets was connected via Tygon ® Tubes to reservoirs containing the liquids. The reservoirs were connected to a pressure regulator (OB1 Elveflow) which controlled independently the pressure delivered to each of the channels, with typical pressures of up to 2 bars. After being connected at the T junction, a unified channel is generated, with the same channel width as the Benzyl Alcohol channel (3 microns). In Fig. 3 a representative micrographs of the generated periodic bubble array is presented. The periodic pattern can be clearly observed. Such a mode of operation has been witnessed over the course of a few hours, without any evidence of degradation. The period of the bubbles as well as the duty cycle can be tuned by controlling the external pressure of the inlets. Typical pressures are in the order of 1 bar. On top of generating a periodic array in support of the DFB operation, one also needs to confine the light within a waveguide. For this reason, we bonded (using oxygen plasma) the PDMS chip which includes the channels At the same time, the PDMS serves as the waveguide clad owing to its lower refractive index (~1.4) with respect to the liquid core. Finally, the whole device was bonded to a cover glass via plasma bonding for the purpose of adding physical robustness. Schematic layout can be seen in Fig 4. 
III. EXPERIMENTAL SETUP
Following the device fabrication and operation, we test its lasing properties. For this purpose the device was pumped by a frequency doubled Nd:YAG laser emitting at 532 nm and delivering 5 ns pulses at 10 Hz repetition rate. The pump beam was shaped by a cylindrical lens to generate an elongated beam which illuminates the channel from the top. The light collection system consists of an ×10 objective, focusing the lasing output emanating from the end of the bubbles channel through a notch filter (532nm Notch Filter, OD6, Edmund Optics) to an optical fiber, which is connected to a spectrometer (Ocean Optics 4000, resolution of 0.22 nm).
IV. EXPERIMENTAL RESULTS
As mentioned before, we use a DFB structure as our optical feedback, and thus the lasing wavelength is determined by the Bragg condition [5] :
Where is the lasing wavelength, is the Bragg order, is the effective refractive index of the waveguide and Λ is the grating period. For the purpose of ensuring single mode operation over the entire bandwidth of the gain medium one needs to choose the Free Spectral Range (FSR) to be larger than the gain spectral bandwidth. R6G supports about 90 nm (depending on the choice of concentration and dissolved liquid). Given our materials of choice and geometry, the effective index is ≅ 1.5 and the grating period can be tuned to be between 1.3 um to 5 um (at this configuration of the PDMS chip). By using the smallest period possible, one may achieve a FSR of about 100 nm and consequently single mode operation. However, when the laser is tuned by increasing the period beyond 1.3 micron an additional mode may appear. This can be partially overcome by operating at low gain regime, albeit at the expense of the output laser power. In Fig. 5-a we demonstrate the single mode lasing at 581 nm with a grating period of 2.5 um (corresponding to13th Bragg order) with measured linewidth of 0.22 nm limited by the spectrometer. As previously mentioned, the tunability of our laser is achieved by controlling the period of our bubble array inside the channel. For a fixed channel width of 1.5 um we could control the grating period of and achieve stable bubble arrays for a long period of time simply by changing the inlets pressure via computer controlled pressure regulators. Indeed, we obtained a laser output for a wide range of wavelengths ranging from 572.9 nm to 642.1 nm, i.e. 69. 
V. CONCLUSIONS
In conclusion, we have demonstrated a tunable optofluidic laser in the visible range. The laser in realized by constructing a periodic bubble array within a microfluidic channel. The array provides the DFB mechanism and allows the lasing at a specific desired wavelength. By tuning the array period via controlling the pressures in the microfluidic channel we achieve wavelength tunability of about 70 nm. The demonstrated laser may be used in lab on a chip applications, e.g. on chip spectrometer. 
